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FIG.2
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FIG.6A
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FIG.7
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FIG.9
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METHOD OF SMOOTHING SOLID SURFACE
WITH GAS CLUSTER ION BEAM AND SOLID
SURFACE SMOOTHING APPARATUS

TECHNICAL FIELD

The present invention relates to a method of smoothing a
solid surface by gas cluster 1on beam 1rradiation and to an
apparatus therefor.

BACKGROUND ART

In semiconductor devices, electronic devices, and optical
devices such as photonic crystals, multilayer thin-film struc-
tures and submicrometer order (approximately 1n the range of
from 0.1 um to less than 1 wm) fine pattern structures are
tabricated by processing a semiconductor water surface or the
like. In semiconductor quantum devices, for example,
ultrafine particles and thin lines on the order of nanometers,
which are called quantum dots and quantum wires, are fabri-
cated and arranged on the surface of a substrate. The size and
surface roughness of the fine structures (thin film structures,
pattern structures, and relief structures formed by an arrange-
ment of ultrafine particles) in these devices are important
factors that determine the performance of the devices. There-
fore, high fabrication precision 1s demanded in the formation
ol fine structures.

The precision of the fine structures depends on the preci-
sion of fabrication techniques used in the film formation
process, etching process, and the like. However, 1t 1s not easy
to form a fine structure with a fabrication precision of up to a
tew nanometers. The devices formed through the film forma-
tion process, etching process, and the like are generally
tformed by fabricating a great number of chips on a wafer
surface, and 1t 1s difficult to fabricate uniform fine structures
across the water surface. In order to solve these problems, a
process to enhance the precision of the structures (such as a
surface smoothing process) 1s performed on the fabricated
fine structures as post-processing.

An example of such a surface smoothing technique 1s a
technique of smoothing a side wall of a pattern structure or the

like by a gas cluster 1on beam 1rradiation, disclosed in Inter-
national Publication No. W0O2005/031838 (Patent literature

).
DISCLOSURE OF THE INVENTION

Unlike a monomer 1on beam, a gas cluster 1on beam 1s
known to have a large sputter component 1n a direction par-
allel to the substrate. This phenomenon is called lateral sput-
tering eifect. Lateral movements of atoms on a substrate
surface of an irradiated area irradiated with the gas cluster 10n
beam are caused notably by the irradiation, these phenomena
of atom movements 1n lateral directions smooth the surface. It
1s reported that surface smoothing based on lateral sputtering
elfect 1s more likely to come about with vertical irradiation
than with oblique 1rradiation (Reference literature 1). Vertical
irradiation means irradiating the substrate surface at an 1rra-
diation angle of about 0 degree to the normal to the surface.
The symbol “°”” will be used to express the angle.
(Reference literature 1) N. Toyoda et al., Nucl. Instr. and

Meth. In Phys. Res. B161-163 (2000) 980.

A conventional commercial gas cluster 1ion beam apparatus
gives out a beam on the order of millimeters (beam width). On
the other hand, it 1s noted that a range which an action of
smoothing based on the lateral sputtering effect of a single
cluster reaches 1s about ten nanometers, which 1s estimated to
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2

be equal to the size of a crater that would be formed when a
single cluster collides with the surtace.

It 1s conventionally possible to reduce surface roughness
having intervals on the order of ten nanometers or below by
means of beam irradiation and to reduce surface roughness
having intervals on the order of one millimeter or above by
means of beam scanning. In the intermediate range, surface
roughness having intervals of several tens of nanometers to
about a hundred micrometers cannot be reduced.

The technique disclosed 1n patent literature 1 above 1s
based on the knowledge that a solid surface 1s smoothed
notably by gas cluster 10n beam irradiation at an angle of 60°
to 90° to the normal to the solid surface, in comparison with
nearly vertical irradiation. This technique 1s used to smooth
the side walls of pattern structures.

This techmque can smooth a solid surface with unevenness
(surface roughness) having short intervals on the order of ten
nanometers. It has not been clear whether unevenness (sur-
face roughness) having longer intervals (of several tens of
nanometers to about a hundred micrometers) can be
smoothed.

Therefore, in view of the problems described above, an
object of the present mvention 1s to provide a solid surface
smoothing method of reducing surface roughness having
intervals of several tens of nanometers to about a hundred
micrometers on a solid surface by means of gas cluster 1on
beam 1rradiation and to provide an apparatus therefor.

To solve the above-described problems, a method of
smoothing a solid surface with a gas cluster 1on beam accord-
ing to the present invention includes, wherein an angle
formed between the normal to the solid surface and the gas
cluster 1on beam 1s referred to as an irradiation angle, and an
irradiation angle at which the distance of interaction between
the solid and the cluster colliding with the solid (effective
interaction distance) dramatically increases 1s referred to as a
critical angle, an irradiation step of directing the gas cluster
ion beam onto the solid surface at an 1rradiation angle not
smaller than the critical angle.

Because the 1irradiation angle 1s greater than or equal to the
critical angle, the effective interaction distance becomes
much greater than when the 1rradiation angle 1s smaller than
the critical angle. The wide range of interaction between the
cluster and the solid brings about solid surface smoothing.
The critical angle 1s 70°.
This angle 1s based on the knowledge obtained from
experiments.

The wrradiation step may include a process of directing the
gas cluster 1on beam while varying the 1rradiation angle con-
tinuously 1n a range not smaller than the critical angle; a
process of directing the gas cluster 1on beam while varying a
dose of the gas cluster 10n beam continuously; or a process of
directing the gas cluster 1on beam by combining these two
Processes.

With such gas cluster 1on beam irradiation, the solid sur-
face 1s smoothed 1n accordance with the roughness of the
surface.

The 1rradiation step may include a process of directing the
gas cluster 1on beam of a dose determined with reference to a
database that allows a dose to be determined from at least a
desired etching amount and the irradiation angle.

By directing the gas cluster 1on beam of the dose deter-
mined with reference to the database, desired etching depend-
ing on the irradiation angle can be easily provided.

To solve the above-described problems, a solid surface
smoothing apparatus according to the present mvention
includes, wherein an angle formed between the normal to the

solid surface and the gas cluster 10n beam 1s referred to as an
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irradiation angle, and an 1rradiation angle at which the dis-
tance of interaction between the solid and the cluster colliding,
with the solid (effective interaction distance) dramatically
increases 1s referred to as a critical angle, a gas cluster 10on
beam emission means adapted to emit the gas cluster 1on
beam onto the solid surface and an 1rradiation angle setting,
means adapted to set the irradiation angle to the critical angle
or a greater angle.

In the solid surface smoothing apparatus according to the
present invention, the irradiation angle setting means may be
configured to vary the 1rradiation angle continuously in a
range not smaller than the critical angle.

The solid surface smoothing apparatus may be configured
such that 1t includes a database that allows a dose to be
determined from at least a desired etching amount and the
irradiation angle, and the gas cluster 1on beam emission
means emits the gas cluster 10n beam of the dose determined
with reference to the database in accordance with the desired
ctching amount and the wrradiation angle specified by the
irradiation angle setting means.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows an 1image of the surface of a silicon sub-
strate subjected to oblique 1rradiation of SF ¢ (sulfur hexafluo-
ride) GCIB at an 1rradiation angle of 70°, taken by an atomic
force microscope (AFM);

FIG. 1B an enlarged image of FIG. 1A and shows a striped
structure which 1s a group of many stripes having lengths of
the same order and the same orientation:

FIG. 2 1s a graph showing the degree of dependence of the
elfective interaction distance on the GCIB 1rradiation angle
(the vertical axis represents the effective interaction distance,
and the horizontal axis represents the GCIB irradiation
angle);

FIG. 3 1s a view 1llustrating definitions of the 1rradiation
angle and an 1rradiation inclination;

FIG. 4 1s a graph showing the relationship between the
pitch of a line-and-space pattern structure and the surface

roughness after GCIB 1rradiation at an irradiation angle of
83",

FIG. 5§ 1s a view showing the structure of a solid surface
smoothing apparatus 100 according to an embodiment of the
present invention;

FIG. 6A 1s a side view showing a {irst rotation mechanism
of the solid surface smoothing apparatus 100;

FI1G. 6B 1s a top view showing the first rotation mechanism,
a second rotation mechanism, and a scanning mechanism of
the solid surface smoothing apparatus 100;

FI1G. 7 1s a flowchart illustrating a procedure for smoothing
a smoothing target face 1n a first example;

FIG. 8 A shows an 1image of a sample surface for observa-
tion betore the GCIB 1rradiation 1n the first example, taken by
the atomic force microscope (AFM);

FIG. 8B 1s a view showing an uneven shape in the cross
section taken along a white line 1n FIG. 8A;

FI1G. 9 1s a view showing spectral characteristics obtained
by a Fourier transform of the uneven shape of the smoothing
target face before and after the irradiation of SF, (sulfur
hexafluoride) GCIB in the first example and a second
example;

FI1G. 10 1s a graph showing a dose of SF . (sulfur hexatluo-
ride) GCIB 1wrradiation required to etch the smoothing target
face by 350 nm (irradiation angle dependence) 1n the first
example;
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FIG. 11A shows an 1mage of a sample surface for obser-
vation after the ot SF (sultur hexatluoride) GCIB irradiation

in the first example, taken by the atomic force microscope
(AFM);

FIG. 11B 1s a view showing an uneven shape 1n the cross
section taken along a white line 1n FIG. 11A;

FIG. 12 1s a graph showing the relationship between the
irradiation angle of the SF (sulfur hexatluoride) GCIB 1rra-
diation to the smoothing target face and the surface roughness
in the first example;

FIG. 13A shows an 1mage of a sample surface for obser-
vation after 1rradiation of SF (sulfur hexafluoride) GCIB 1n
the second example, taken by the atomic force microscope
(AFM);

FIG. 13B 1s a view showing an uneven shape 1n the cross
section taken along a white line 1n FIG. 13A;

FIG. 14 1s a graph showing a dose of Ar (argon) GCIB
irradiation required to etch the smoothing target face by 40
nm (1rradiation angle dependence) 1n a third example;

FIG. 15 1s a graph showing the relationship between the
irradiation angle of the Ar (argon) GCIB 1rradiation to the
smoothing target face and the surface roughness 1n the third
example;

FIG. 16 1s a flowchart 1llustrating a procedure for smooth-
ing a smoothing target face 1n a fourth example;

FIG. 17A 1s a schematic diagram showing chips having a
line-and-space pattern structure formed on a silicon wafer
surface;

FIG. 17B 1s a contour map of a line width distribution
betore GCIB 1rradiation (numerals represent the line width in
micrometers ); and

FIG. 17C 1s a contour map of a line width distribution after
GCIB 1rradiation (numerals represent the line width 1n
micrometers ).

BEST MODES FOR CARRYING OUT THE
INVENTION

Prior to the description of an embodiment, the principle of
smoothing used in the present invention will be summarized.

The inventors have discovered experimentally that when a
solid surface to be smoothed, that 1s, a smoothing target face,
1s hit by a gas cluster 1on beam (GCIB) at an angle, the
interaction distance between the solid and the cluster extends
to several tens ol nanometers to several micrometers. The
irradiation angle of the oblique 1rradiation will be described
later 1n detail. Based on this discovery, the surface roughness
ol fine structure with intervals of several tens of nanometers to
about a hundred micrometers can be reduced. The intervals of
several tens of nanometers to about a hundred micrometers
will also be referred to as long 1ntervals, in contrast to short
intervals on the order of ten nanometers.

The long interaction distance ranging from several tens of
nanometers to several micrometers and the mechanism of the
interaction will be described first.

FIG. 1A shows an 1mage of the surface of a silicon sub-
strate subjected to oblique 1irradiation of SF . (sultur hexafluo-
ride) GCIB at an 1rradiation angle of 70°, taken by an atomic
force microscope (AFM). An arrow 1n FIG. 1A represents the
direction of GCIB irradiation, vertically projected on the
surface of the silicon substrate. In FIG. 1A, the irradiation
angle 1s defined as an angle formed by the normal to the
surface of the silicon substrate and the GCIB.

On the surface of the silicon substrate subjected to oblique
irradiation at an 1rradiation angle of 60° or greater, a striped
structure leaving a trail 1n the direction of GCIB irradiation
was observed, as described in Reference literature 1. Detailed
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observation revealed that the striped structure was a group of
many stripes 110 having lengths of the same order and the
same orientation. If the stripes 110 are formed as a result of
interaction between each cluster and the solid surface, 1t 1s
expected that the length of the stripe 110 would represent the
distance of interaction given by the cluster, hereinafter
referred to as an effective interaction distance (see FIG. 1B).

A Fourier transform was performed on the AFM 1mage to
examine the eflective interaction distance in a wide angular
range. A Fourier transform was performed in two directions:
GCIB 1rradiation direction vertically projected onto the solid
surface (projected 1rradiation direction) and a direction per-
pendicular to that direction on the solid surface. The results
are shown 1n FIG. 2.

As FIG. 2 clearly shows, an increased irradiation angle
increased the effective interaction distance in the direction
parallel to the projected 1rradiation direction. When the 1rra-
diation angle was 70° or greater, the effective interaction
distance increased dramatically. With an irradiation angle of
80°, the effective interaction distance extended to 1 um.
While the irradiation angle was 80° or greater, the striped
structure was not able to be observed clearly because of the
surface smoothing effects, and the data was not able to be
shown 1n FIG. 2. However, 1t 1s expected that the effective
interaction distance would increase further with an increase
in 1rradiation angle.

In a direction perpendicular to the projected 1rradiation
direction, the effective interaction distance was nearly uni-
form at any 1rradiation angle within the range of 20° to 70°.
The distance was likely to decrease slightly at an 1rradiation
angle outside the range of 20° to 70°. However, clear depen-
dence on the wrradiation angle was not observed across the
entire range ol 0° to 90°.

Those observations suggest that the iteraction between
the cluster and the solid surface occurs 1n a long range just in
the GCIB 1rradiation direction.

A verification experiment was conducted to verily whether
the effective interaction distance actually extended to the
order of micrometers at an irradiation angle of 83°. In the
verification experiment, a variety of line-and-space pattern
structures having different pattern intervals were fabricated
on the surface of a silicon substrate. The structures were
considered to be artificial surface roughness, and 1t was exam-
ined how the interaction with the GCIB changed the artificial
surface roughness. The irradiation angle here was 83° to the
normal to the surface of the silicon substrate. On the basis of
the angle definitions shown1n FIG. 3, 0 was 7°, and ¢ was 90°.

The definitions of irradiation angle and the like 1n FIG. 3
will be described.

In a line-and-space pattern structure, let the longitudinal
direction of the line (the projecting part in the line-and-space
pattern structure) be the x-axis, the direction of line depth be
the z-axis, and a direction orthogonal to the x-axis and z-axis
be the y-axis. On a side wall of a line (a wall in the direction
of line depth), the irradiation angle 0 1s an angle formed by the
y-axis (normal to the side wall of the line) and the GCIB. The
irradiation angle 0 1s a complementary angle of the angle
tormed by the GCIB and the GCIB 1rradiation direction ver-
tically projected onto the side wall of the line. The 1irradiation
inclination ¢ 1s an angle formed by the x-axis and the GCIB
irradiation direction vertically projected onto the side wall of
the line.

If the effective interaction distance 1s very small 1n com-
parison with the pitch of the line-and-space pattern, the line-
and-space pattern structure would be etched to an almost
similar figure, without changing the surface roughness as a
result. If the effective interaction distance 1s nearly equal to or
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greater than the pitch of the line-and-space pattern, etching of
a line would affect adjacent spaces (groove parts in the line-
and-space pattern structure) and adjacent lines, and the lines
would be cut to fill the space with the cuttings. As a result, 1t
1s expected that this would smooth the form of the line-and-
space pattern structure, reducing the surface roughness.

The line-and-space pattern structure here had the same
line-to-space ratio of 1:1, wrrespective of the pitch of the
line-and-space pattern. Therefore, the artificial average sur-
face roughness before the GCIB 1rradiation, that is, the aver-
age depth of the spaces (or the average line height 1n the
line-and-space pattern structure), was fixed to about 15 nm.

FIG. 4 1s a graph showing the results of the verification
experiment. As clearly shown 1n FIG. 4, with the pitch of the
line-and-space pattern, that 1s, the gap between adjacent lines,
being smaller than about 2 um, the surface roughness after
GCIB wrradiation was dramatically reduced. In FIG. 2, the
value would be greater than the effective interaction distance
at an 1rradiation angle of 80°. It 1s expected that the value
would correspond to the effective interaction distance at an
irradiation angle of 83°.

The experiment demonstrated that the long-distance inter-
action effects created by oblique 1rradiation smooth the sur-
face roughness having long intervals.

As has been described above, i1t has been discovered that
the oblique GCIB irradiation to the smoothing target face
dramatically increases the effective interaction distance, that
1s, the distance of lateral movement of a substance (in a
direction nearly parallel to the target face), to several tens of
nanometers to several micrometers. On the basis of a mecha-
nism described below, the distance of lateral movement of a
substance would not be limited to several micrometers and
could increase further to a hundred micrometers, with some
combination of a solid surface state and the angle of GCIB
irradiation.

This discovery indicates that surface roughness having
long intervals of several tens of nanometers to a hundred
micrometers, which was heretofore difficult to reduce, can be
reduced.

The mechanism that the oblique GCIB 1rradiation to the
smoothing target face increases the distance of lateral move-
ment of a substance with an increase 1n irradiation angle 1s
assumed to be as follows.

An increased 1rradiation angle decreases the kinetic energy
component of the cluster 1n the vertical direction (direction
nearly perpendicular to the smoothing target face), increasing,
the kinetic energy component 1n the lateral direction. In com-
parison with the vertical atomic density of the solid, the
lateral atomic density 1s very small because atoms in the
direction nearly parallel to the solid surface (lateral direction)
exist only 1n projecting parts of the surface. The average
distance between the point where the cluster enters the solid
at an angle and the point where the cluster loses its energy
when 1t collides with atoms (projecting part) 1s longer than
that in vertical 1rradiation.

The cluster colliding with a projecting part sometimes cuts
the tip thereof and puts the cuttings into a nearby hollow on
the surface. A small density of projecting parts that would
block the lateral movement makes the lateral movement easy
for the atoms to be sputtered or moved laterally.

With these eflects, an increase in irradiation angle 1s con-
sidered to increase the distance by which a single cluster can
move a substance on the solid surface laterally, that is, the
elfective iteraction distance.

FIG. 2 shows that the effective mteraction distance dra-
matically increases at a certain irradiation angle in the direc-
tion parallel to the projected 1irradiation direction and that the
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irradiation angle 1s 70°. The 1rradiation angle at which the
cifective 1nteraction distance increases dramatically 1s
referred to as a critical angle.

The mechanism providing a dramatic increase in effective
interaction distance at an 1irradiation angle of 70° or greater 1s
considered to be associated with the dissociation process
when the cluster collides with the solid surface. The critical
angle of 70° could correspond to the angle at which the
individual atoms (or molecules) dissociated from the cluster
colliding with the solid surface become likely to bounce back
rather than entering the solid.

If the 1irradiation angle exceeds the critical angle, most of
the atoms (molecules) forming the cluster hitting the solid
surface would bounce on the solid surface 1n the dissociation
process. As the wrradiation angle increases, an increasing
number of atoms (molecules) forming the cluster hitting the
solid surface bounce 1n a direction parallel to the solid sur-
face, increasing the effective interaction distance greatly.
Since the critical angle 1s considered to be determined by the
binding state of the cluster, 1t1s expected that the critical angle
for a cluster having molecular bonds does not depend on
parameters such as the gas type, accelerating voltage, and
ionization condition.

The characteristics of the monomer ion beam do not
include the long-distance interaction effects described above.

An embodiment of the present invention and examples will
be described. The structure and functions of a solid surface
smoothing apparatus 100 for implementing the method of
smoothing a solid surface according to the present invention
will be described with reference to FIG. 3.

GCIB emission means 1s structured as follows. A source
gas 9 1s injected into a vacuum cluster generation chamber 11
by a nozzle 10. The gas molecules of the source gas 9 clump
together to form a cluster 1n the cluster generation chamber
11. The size of the cluster depends on the gas pressure and
temperature at a nozzle outlet 10a and the particle size distri-
bution based on the shape and size of the nozzle 10. The
clusters generated in the cluster generation chamber 11 pass
through a skimmer 12 and enters an 1onization chamber 13 as
a gas cluster beam. Inthe 1onization chamber 13, anionizer 14
ionizes the neutral clusters by emitting an electron beam, such
as thermal electrons. The 1onized gas cluster beam (GCIB) 1s
accelerated by accelerating electrodes 15, concentrated by a
magnetic-field convergence unit 16, and brought into a sput-
tering chamber 17. A target 19, which 1s a solid (such as a
s1licon substrate) to be exposed to the GCIB, 1s attached to a
rotary disc 41 disposed on a target support 18 provided in the

sputtering chamber 17. The GCIB entering the sputtering
chamber 17 1s narrowed to have a predetermined beam diam-
cter by an aperture 21 and directed onto the surface of the
target 19. If the target 19 1s an 1nsulator, the GCIB directed to
smooth the surface is neutralized by an electron beam.

The solid surface smoothing apparatus 100 1s also
equipped with a tilting mechanism that can change the GCIB
irradiation angle (0 1n FIG. 3) and the 1rradiation 1inclination
(¢ 1n FI1G. 3), as an 1rradiation angle-direction setting means.

In this embodiment, the tilting mechanism can change the
irradiation angle continuously 1n a range equal to or greater
than the critical angle, depending on the shape data of the fine
structure on the solid surface. In other words, the tilting
mechanism 1s implemented by a rotation mechamsm that
allows the angle of the target support 18 to be set or adjusted
for desired smoothing 1n accordance with shape data of the
fine structure on the solid surface given beforehand.

The 1rradiation angle 0 and the 1rradiation inclination 4)
must be specified independently of each other, 1n accordance
with the shape data (including the intervals and orientation of
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surface roughness) of the smoothing target face. The solid
surface smoothing apparatus 100 can specify the 1rradiation
angle 0, the irradiation 1inclination ¢, and a reference face for
determining the wrradiation angle 0 and the irradiation incli-
nation ¢.

The solid surface smoothing apparatus 100 includes a first
rotation mechanism and a second rotation mechanism, as
shown 1 FIGS. 6 A and 6B, for example.

The first rotation mechanism 1s structured as follows. The
target support 18 has a projecting shaft 41a, and the rotary
disc 41 1s mounted on the projecting shait 41a to rotate on the
center of the projecting shaft 41a. The rotary disc 41 has a flat
part41b, on which the target 19 1s attached. The rotary disc 41
has a great number of teeth 1n 1ts rim 41 ¢, and the teeth engage
with the teeth of a gear 43. The gear 43 rotates when driven by
a motor 42, and the rotation 1s transterred to the rotary disc 41
to rotate the target 19 attached to the rotary disc 41. The
rotation of the rotary disc 41 1s reflected in the 1rradiation
inclination ¢.

The target support 18 1s equipped with an angle detection
unit (not shown) for detecting an angle of rotation of the
rotary disc 41, that 1s, the irradiation inclination ¢, as a digital
value. The angle-of-rotation information detected by the
angle detection unit 1s processed by an electric circuit unit
235b, and the currently detected angle (arradiation inclination)
¢_.1s displayed 1n a current angle area 264 of a display unit 26.

The second rotation mechanism is structured as follows. A
rotation shaft 21 1s fixed to the target support 18, and the target
support 18 can rotate on the center of the rotation shait 21.
The rotation shaft 21 1s rotatably supported by stationary
plates 22a and 22b. The rotation shaft 21 1s fixed also to the
center of a rotation axis of a gear 24bH, and the gear 24b
engages with a gear 24a. The gear 24a rotates when driven by
a motor 23, and the rotation 1s transierred to the gear 245 and
the rotation shatt 21, consequently rotating the target support
18. The rotation of the target support 18 1s reflected in the
irradiation angle 0.

The stationary plate 22a 1s equipped with an angle detec-
tion unit 25q for detecting the angle of rotation of the target
support 18, that 1s, the GCIB 1rradiation angle 0 with refer-
ence to the smoothing target face of the target 19 attached to
the target support 18, as a digital value, from the angle of
rotation of the rotation shaft 21. The angle-of-rotation infor-
mation detected by the angle detection unit 254 1s processed
by the electric circuit umt 255, and the currently detected
angle (irradiation angle) 0, 1s displayed 1n the current angle
area 26a of the display unit 26.

The solid surface smoothing apparatus 100 1s also
equipped with a scanming mechamism for changing the rela-
tive position of the target 19 with respect to the GCIB, such as
an XY stage.

Suppose that the stationary plates 22a and 225 are fixed to
and supported by a stationary-plate supporting member 22c¢.
The stationary-plate supporting member 22¢ and a {irst actua-
tor 22d are connected via a firstrod 22e. The first actuator 224
can push and pull the first rod 22e, and this action can change
the position of the target support 18. In the solid surface
smoothing apparatus 100 shown in FIG. 6B, for example, the
motion of the first actuator 224 can change the position of the
target support 18 1n up and down directions in the figure.

The first actuator 224 1s fixed to and supported by a second
rod 22g, and the first actuator 22d 1s connected to second
actuators 22/ through the second rod 22¢g. The second actua-
tors 22f can push and pull the second rod 22g, and this action
changes the position of the first actuator 22d. Consequently,
the position of the target support 18 connected to the first
actuator 22d can be changed by the first rod 22¢ or the like.
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The direction 1n which the first rod 22e can move 1s nearly
orthogonal to the direction 1n which the second rod 22¢g can
move. The scanning mechanism like an XY stage 1s imple-
mented as described above. In the solid surface smoothing
apparatus 100 shown 1n FIG. 6B, for example, the motion of
the second actuators 22f can change the position of the target
support 18 1n the left and right directions 1n the figure. There-
fore, 1n combination with the motion of the first actuator 224,
the target support 18 can be moved up and down, and leit and
right in the figure.

The solid surface smoothing apparatus 100 i1s further
equipped with a database 30 that allows a dose to be deter-
mined 1n accordance with conditions such as a desired etch-
ing amount, the material and etching rate of the target 19, and
the gas type, accelerating energy, irradiation angle 0, and
irradiation 1nclination ¢ of the GCIB.

If the shape data of the fine structure on the target face and
the above-mentioned conditions are given beforehand, a dose
for desired smoothing can be determined with reference to the
database 30. I the wrradiation angle 1s greater than 0°, the
beam projection area 1s large, so that the effective dose 1s
small for the same GCIB current.

Instead of associating the effective dose with a combina-
tion of the conditions such as the irradiation angle 0 and the
irradiation inclination ¢, the database 30 may associate the
combination with a dose calculated from the GCIB current
and the projected area 1n the conditions of vertical irradiation.

In the solid surface smoothing apparatus 100 shown in
FIG. 6B, a setup unit 27 1s used to specily the face of the target
support 18 as the reference face and to specity conditions
such as the shape data of the fine structure on the target
surface, a desired etching amount, the material and etching
rate of the target 19, and the gas type, accelerating energy,
irradiation angle 0, and irradiation inclination ¢, of the
GCIB. In a reference face display area 265 of the display unit
26, FACE OF TARGET SUPPORT 1s displayed, and an irra-
diation angle specified with reference to the normal to this
face 1s displayed 1n a set angle area 26c.

A control unit 28 drives the motor 23 and the motor 42
through a drive unit 29 to match the current irradiation angle
0, and the current 1rradiation inclination ¢_ to the predeter-
mined irradiation angle 6 , and the predetermined irradiation
inclination ¢, respectively. The control unit 28 also deter-
mines an appropriate dose on the basis of the above-men-
tioned conditions with reference to the database 30 and con-
trols the GCIB emission means to perform GCIB 1rradiation
with the determined dose.

The control unit 28 includes a CPU (central processing
unit) or a microprocessor and controls the operation as
described above by executing a program required to control
the solid surface smoothing process, such as displaying the
data and driving the motors.

A solid surface smoothing apparatus according to the
present invention 1s not limited 1n structure and mechanism to
the solid surface smoothing apparatus 100 described above,
and modifications can be added within the scope of the
present invention.

For example, the irradiation angle setting means and others
described above can be added to the conventional GCIB
trimming equipment. In this structure, when trimming 1s per-
formed, surface smoothing 1s also performed (smoothing of
long-interval surface roughness can also be skipped), so that
the fine structure fabrication precision can be improved.

Examples will now be described.

In the examples described below, an Ar gas cluster and a
SF . gas cluster were used. When the Ar gas cluster was used,
Ar gas was used as a source. An Ar gas cluster beam was
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generated, the beam having a particle size distribution which
had a peak at about 2000 Ar atoms per cluster, and the beam
was directed to the target 19 at an accelerating voltage of 30
kV. When the SF . gas cluster was used, SF. gas and He gas
were used as sources. A SF, gas cluster 10n beam was gener-
ated, the beam having a particle size distribution which had a
peak at about 500 SF, molecules per cluster, and the beam
was accelerated at an accelerating voltage of 30 kV and
directed to the target 19.

A pattern structure was fabricated on the target 19, which
was a silicon substrate, 1n the method described below. An
clectron beam resist was applied on the silicon substrate
having a thermally-oxidized film, and a pattern structure was
drawn on the resist by an electron beam lithography appara-
tus. After the resist was developed, the resist pattern was used
as a mask, and the thermally-oxidized film was etched by a
reactive 1on etching (ME) apparatus. The resist was then
removed, and silicon was dry-etched by using the thermally-
oxidized film as a hard mask. The Ar 1on milling method was
used as a dry etching method. To fabricate a vertical groove
shape as 1n a line-and-space pattern structure, the Ar-ion
irradiation angle was varied appropnately during etching.
Then, the thermally-oxidized film was removed by an ashing
apparatus.

To examine the morphology of a side wall of a line before
and after the GCIB 1rradiation, a flat silicon substrate without
line-and-space pattern structure was prepared as an observa-
tion sample. An observation sample formed of a Cr film
(having a {ilm thickness of 300 nm) on a silicon substrate by
sputtering was also prepared as a sample of non-silicon mate-
rial. The observation samples were placed 1n such a manner
that the surfaces became parallel to the side wall of the line in
the line-and-space structure, and were subjected to Ar 10n
milling and GCIB 1rradiation. By using the surfaces of the
observation samples, the side wall of the line in the line-and-
space pattern structure can be evaluated equivalently. The
morphologies of side walls of lines 1n the examples described
below were obtained from the measurement of the observa-
tion samples.

Each dose of GCIB 1n the examples given below was an
input value (a converted dose of 1rradiation at an irradiation
angle of 0° given to the solid surface smoothing apparatus
100. If the irradiation angle 1s greater than 0°; the beam

projection area increases, making the effective dose smaller
than the mput value given to the apparatus.

First Example

The smoothing target face 1n a pattern structure was
smoothed in accordance with the procedure 1llustrated 1n the
flowchart 1n FIG. 7. The smoothing of the target face viewed
from a different point of view 1s just etching of the target face.
In the examples, trimming of the pattern structure and the
smoothing of the target face were implemented by etching the
target face.

The procedure will now be described.

Step S1

Prior to the GCIB 1rradiation, the pattern structure (fine
structure) of the target 19 was observed by an atomic force
microscope or the like, and the shape data were obtained.
Step 52

Based on the differences between the shape data and
desired values such as a pattern width and the like, an etching
amount required to form a fine structure of a desired size was
calculated.
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Step 53

The target 19 was attached to the target support 18 of the
solid surface smoothing apparatus 100, and the angle of the
target support 18 was specified as the 1irradiation angle 0 and
the 1rradiation 1nclination ¢.

To reduce (smooth) surface roughness having long inter-
vals 1n the target face, the irradiation angle 0 should be greater
than 70°, as clanfied in the present mnvention. Other 1rradia-
tion angles can be selected for purposes other than smoothing.
An appropriate wrradiation angle can be selected depending,
on the application. (The solid surface smoothing apparatus
100 can be used for purposes other than smoothing of surface
roughness having long intervals.)

Step S4

Conditions such as a desired etching amount, the material
and etching rate of the target 19, and the gas type, accelerating
energy, irradiation angle 0, and 1rradiation inclination ¢ of the
GCIB were specified. A dose was determined on the basis of
the conditions, with reference to the database 30.

Step S5

The gas cluster 10n beam 1rradiation was then performed.

As a result, the pattern structure on the surface of the target
19 was trimmed, and the target face was smoothed.

The following specific processes were performed.

A line-and-space pattern structure was fabricated on the
surface of a silicon substrate under a design condition of each
line width=each space width=1.0-um and each depth of 1.0-
L.

The line width distribution of the line-and-space pattern
structure on the surface of the silicon substrate was measured
with an atomic force microscope. The haltf-value width 1n the
distribution was within the permissible range, but the average
value was 1.05 um, 50 nm greater than the designed value.

In order to obtain a morphology of a side wall of a line in
the line-and-space structure formed by Ar 1on milling, the
uneven shape of an observation sample surface was observed
with the atomic force microscope (AFM). As shown 1n FIG.
8 A, the uneven shape observed 1n the surface of the observa-
tion sample had characteristic stripes extending 1n a direction
perpendicular to the projected irradiation direction (direction
of depth of the line-and-space groove) of the AR 10on beam,
marked with an arrow. The observation by the AFM was made
in such a manner that the stripes were diagonal 1n the AFM
frame, so that the intervals ol unevenness were able to be
measured accurately. The uneven shape having the stripes 1s
considered to be formed because the Ar 1on beam was
directed to the side of the line at an angle 1n Ar 1on milling.
The average surface roughness Ra obtained from the AFM
image was 2.90 nm. The uneven shape was examined 1n
turther detail 1n a cross section taken along a white line (FIG.
8A). The uneven shape had relatively long intervals, and the
uneven shape having long intervals had another uneven shape
having shorter intervals (as shown 1n an oval frame in FIG.
8B). To analyze the intervals of the uneven shapes in detail,
Fourier transform (FFT) of the uneven shapes 1n the cross
section was obtained. The result showed that there were an
uneven shape having long intervals with a peak 1n the vicinity
of 1.2 um and an uneven shape having short intervals of
around a hundred nanometers to several tens of nanometers
(F1G. 9).

The SF; gas cluster 10n beam was directed to the side walls
of the lines 1n the silicon substrate having the above-described
uneven shapes at a variety of irradiation angles 0, 1n order to
trim the line widths. The sides of the lines were smoothing,
target faces here. An 1rradiation angle of 30° or greater that
allows 1rradiation onto the side of the line was used. As a dose
required to bring the average value of the line widths closer to
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the designed value of 1.00 um at each rradiation angle 0, data
shown 1n FIG. 10 (at an accelerating energy of 30 keV and
with a cluster particle size distribution which has a peak at
500 particles per cluster) stored 1n the database was used. The
irradiation inclination ¢ was 90°, which was perpendicular to
the long-interval unevenness (undulation) of the stripes.
The line widths after trimming were measured, and the
average value was within the range of 1.00+£0.01 um at any
irradiation angle 0. An AFM 1image of a side of one of the lines
at 0=83° (FIG. 11A), the graph of an uneven shape in the cross
section taken along a white line (FIG. 11B), and the FFT
spectrum (a curve of ¢=90° 1n FIG. 9) were examined. The
examination showed that the spectral intensity of unevenness
having long intervals close to 1.2 um and the spectral intensity
of unevenness having shorter intervals decreased dramati-
cally after the GCIB irradiation. An arrow 1n FIG. 11A rep-
resents the projected irradiation direction of the SF . (sultur
hexafluoride) GCIB 1rradiation. The average surface rough-
ness Ra was 0.21 nm, which was below 10% of the corre-
sponding value before the GCIB 1rradiation, demonstrating,
that dramatic smoothing was accomplished. Dependence of
the average surface roughness on the irradiation angle was
examined. The average surface roughness decreased dramati-
cally at an 1rradiation angle 0 of 70° or greater(FIG. 12).

Second Example

The same experiment as 1n the first example was con-
ducted, except that the irradiation inclination ¢ was 0°. An
irradiation with an 1irradiation inclination ¢ of 0° corresponds
to the GCIB 1rradiation 1n the direction parallel to the stripes
formed 1n a side of a line by Ar 1on milling (see the angle
definitions 1n FIG. 3). FIG. 13 A shows an AFM 1mage of the
side of the line after the GCIB 1rradiation at an irradiation
angle 0 of 83°. An arrow 1n FIG. 13 A indicates the projected
irradiation direction of the SF, (sulfur hexafluoride) GCIB
irradiation. The figure shows that the uneven shape of stripes
found betore the SF , GCIB 1rradiation was not eliminated. A
detailed observation of the uneven shape in the cross section
taken along a white line (FIG. 13A) showed that the short-
interval uneven shape laid on the long-interval uneven shape
disappeared after the GCIB irradiation and that a smooth
curve remained (as shown in an oval frame in FIG. 13B).
Further analysis of the FFT spectrum showed that the spectral
intensity of a short interval of around several tens of nanom-
eters decreased dramatically and that the spectral intensity of
unevenness having long intervals close to 1.2 um was not

reduced (a curve of ¢=0° 1n FIG. 9).

Third Example

In an experiment conducted to check whether the effects
observed 1n the first example could be seen with a combina-
tion of another material and a gas cluster, an Ar gas clusterion
beam was directed to an observation sample of a Cr film
formed on a silicon substrate.

The same Ar 1on milling conditions as used 1n etching of
the line-and-space pattern structure on the surface of the
s1licon substrate 1n the first example were used, and the same
striped structure was observed in the Cr-film observation
sample. With the Cr-film observation sample, the relationship
between the irradiation angle 0 of the Ar gas cluster 1on beam
and the average surface roughness Ra was examined. The
dose of imrradiation was determined from the relationship
between the dose and the 1rradiation angle 0 required to etch
the Cr film by 50 nm (FIG. 14), stored 1n the database. (at an

accelerating energy of 30 keV and with a cluster particle size
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distribution which has a peak at 2000 particles per cluster).
FIG. 15 shows the result of the experiment, representing the

relationship between the irradiation angle 0 and the average
surface roughness Ra. As the irradiation angle 0 exceeded
70°, the average surface roughness decreased dramatically.

Fourth Example

Solid surface smoothing of a silicon water, which 1s the
target 19, having an arrangement of many chips of one-di-
mensional diffraction grating (line-and-space pattern struc-
ture) formed on the surface will be described.

Smoothing was performed 1n the procedure 1llustrated 1n a
flowchart shown 1n FIG. 16.

Step Sla

Prior to the GCIB irradiation, pattern structures (fine struc-
tures) 1n all areas (for example, 1 all chip areas) on the
surface of the silicon waler were observed by an atomic force
microscope or the like, and the shape data was obtained. The
shape data was mapped 1n the areas on the surface of the
silicon waler to generate a data map.
Step S2a

Based on differences in values between the data map and
desired values of pattern width and the like, an 1rradiation
angle, irradiation inclination, and etching amount were cal-
culated 1n each area to provide a fine structure of a desired
s1ze. In order to perform surface smoothing across the entire
surface of the silicon wafer by scanning control, a scanning
program was created to perform modulation control such that
the 1rradiation angle, irradiation inclination, and etching
amount obtained by the calculation in each area were pro-

vided.
Step S3a

The silicon water was placed on the target support 18 of the
solid surface smoothing apparatus 100 and was used as a
reference face.

Step Sda

The GCIB irradiation was performed as programmed 1n the
scanning program specified in step S2a.

The chips on the surface of the silicon water were trimmed,
and the target face of each chip was smoothed.

The following specific processes were performed.

A great number of chips of one-dimensional diffraction
grating (line-and-space pattern structure) was arranged on the
surface of a silicon water (FIG. 17A). The structure was
designed with both the line width and the space width set to
0.29 um and the groove width set to 700 nm. A single chip was
a 25 um square. The line width distribution on the surface of
the silicon water was examined. The line width was 0.32 um
in the center of the silicon water and was 0.35 um at the edge
of the silicon water (FIG. 17B). The line width distribution
increased monotonically from the center to the edge of the
s1licon wafer.

In order to obtain the morphology of the sides of lines in the
line-and-space pattern structure at different positions on the
surface of the silicon water, observation samples were placed
beforechand in the locations on the target support 18 corre-
sponding to the positions on the surface of the silicon wafer,
and Ar 1on milling was performed under the same conditions.
The observation samples were observed by an atomic force
microscope, and 1t was observed that each sample has a
striped structure having intervals of about 1 um. The extend-
ing directions and intervals of the stripes varied continuously
from the center toward the edge of the silicon water. In the
center of the silicon wafer, the stripes were perpendicular to
the direction of depth of the grooves (w=0°, that 1s, parallel to
the x-axis in F1G. 17A), and the intervals of stripes were about
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800 nm. In observation samples 1n an outermost circumier-
ence, the stripes extended 1n a direction displaced by 5° from
the x-axis (direction of ®=353° 1 FI1G. 17A), and the stripes had
intervals of 1.1 pum. This 1s considered to result from uneven
Ar1on beam irradiation across the entire surface of the silicon
waler 1n Ar 1on milling.

Based onthe shape data, a program was created to bring the
irradiation angle 0 and the 1rradiation inclination ¢ of the SF;
gas cluster beam to 0=80° and ¢=90° 1n the center of the
s1licon water and to 0=83° and ¢=85° at the edge and to vary
the angle and inclination of the GCIB 1rradiation continu-
ously, 1n conjunction with scanning of the target silicon water.
To bring the line widths to the designed value across the
whole surface of the silicon water, the line widths needed to

be reduced by 30 nm 1n the center of the silicon wafer and by

60 nm at the edge. Therefore, a required dose of SF, gas

cluster ion beam irradiation was set to 4.7%10'* ions/cm? in
the center and to 9.4*10'* jons/cm” at the edge, and a program
was written to change the irradiation dose continuously in
association with the contour data of the line width distribu-
tion. The symbol “*”” indicates multiplication.

After the GCIB 1rradiation, the shapes of the diffraction

grating chips across the entire surface of the silicon wafer
were observed by an atomic force microscope. The chips
across the surface of the silicon water, except ones in the
outermost edge of the silicon watfer, had almost the same line
width of 0.29 um, which was almost equal to the designed
value (FIG. 17C). The average surface roughness of the sides
of the lines before and after the SF, gas cluster 1on beam
irradiation was equivalently evaluated by observing an obser-
vation sample with an atomic force microscope (AFM). The
average surface roughness Ra of the sides of the lines before
the SF, gas cluster 1on beam irradiation varied 1n a range of
1.9 nm to 3.1 nm, depending on the position on the silicon
waler surface. The average surface roughness Ra of the sides
of the lines after the SF gas cluster 10n beam 1rradiation was
within a range of 0.32 nm to 0.38 nm at any position on the
silicon water surface. This demonstrates that the surface
roughness was reduced.
The examples described above show the following facts.
The first example indicates that the average surface rough-
ness of the smoothing target face decreases dramatically
when the GCIB 1rradiation angle 0 1s 70° or greater relative to
the normal to the target face.

With the second example also taken into account, 1t 1s
indicated that the dramatic decrease 1n the average surface
roughness 1s caused by the reduction of unevenness (undula-
tion) having long itervals of about 1 um and that the long-
interval unevenness reduction effect (long-distance interac-
tion eflect) 1s very large at an irradiation angle of 70° or
greater. It 1s also indicated that the effects of reduction of
unevenness ol up to about 100 nm do not depend on the
irradiation inclination, whereas the undulation having long
intervals of about 1 um can be effectively reduced when the
direction of undulation matches the 1rradiation inclination.

The third example indicates that the long-distance interac-
tion effect does not depend on the combination of the solid
material and the gas cluster and that the long-distance inter-
action effect can be obtained at an irradiation angle of 70° or
greater.

In the examples described above, the accelerating voltage
was 30 kV. As the accelerating voltage increases, the etching
amount increases, reducing the smoothing time. However,
this can increase the surface roughness. Therefore, the accel-
erating voltage should be determined 1n accordance with the

requirements of smoothing such as time and material. The
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apparatus conditions, such as the gas type, irradiation condi-
tions, and cluster size, and parameters are not limited and can
be changed appropnately.

INDUSTRIAL APPLICABILITY

According to the present invention, the fabrication preci-
s1on of fine structures such as semiconductor devices can be
improved by reducing surface roughness having long inter-
vals (of several tens of nanometers to about 100 microme-
ters). In addition to the fabrication precision of fine structures
such as semiconductor devices and optical devices, the fab-
rication precision of three-dimensional structures such as dies
used to create semiconductor devices and optical devices can
be improved.

EFFECTS OF THE INVENTION

According to the present invention, by setting the angle of
gas cluster 1on beam irradiation to the critical angle or greater,
the effective interaction distance increases dramatically, in
comparison with an irradiation angle smaller than the critical
angle. The wide range of mteraction between the cluster and
the solid brings about solid surface smoothing. Therefore,
solid surface roughness having intervals of several tens of
nanometers to about a hundred micrometers can be reduced
by gas cluster 1on beam 1rradiation.
What 1s claimed 1s:
1. A method of smoothing a solid surface with a gas cluster
ion beam comprising;:
an irradiation step of directing the gas cluster 1on beam
onto the solid surface at an 1rradiation angle not smaller
than a critical angle, where the irradiation angle, 1s
between a normal to the solid surface and the gas cluster
10n beam;
wherein

the critical angle 1s an 1rradiation angle of 70 degrees at
which a distance of interaction between the solid and a
cluster colliding with the solid turns to an abrupt
increase; and

the irradiating step comprises a process of directing the gas

cluster 10n beam while varying the 1rradiation angle 1n a
range not smaller than the critical angle.

2. The method of smoothing a solid surface with a gas
cluster 1on beam according to claim 1, wherein the 1rradiation
step comprises:

a process of directing the gas cluster 10n beam while vary-

ing a dose of the gas cluster 10n beam.

3. The method of smoothing a solid surface with a gas
cluster 1on beam according to claim 1, wherein the irradiation
step comprises a process of directing the gas cluster 10n beam
ol a dose determined with reference to a database that allows
a dose to be determined from at least a desired etching amount
and the 1rradiation angle.
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4. The method of smoothing a solid surface with a gas
cluster 1on beam according to claim 1, wherein, when a
striped uneven pattern 1s present on the solid surface, the
irradiation step comprises a process of directing the gas clus-
ter 10n beam 1n a direction nearly parallel to the direction in
which the uneven pattern 1s repeatedly formed.

5. A solid surface smoothing apparatus that uses a gas
cluster 10n beam comprising:

gas cluster 1on beam emission means adapted to emait the

gas cluster 1on ea onto the solid surface; and
an 1rradiation angle setting means adapted to set an 1rra-
diation angle to a critical angle or a greater angle, the
irradiation angle being between a normal to the solid
surface and the gas cluster 1on beam,
wherein

the critical angle 1s an irradiation angle of 70 degrees at
which a distance of interaction between the solid and a
cluster colliding with the solid turns to an abrupt
increase; and

the 1rradiation angle setting means 1s adapted to vary the

irradiation angle 1n a range not smaller than the critical
angle.
6. The solid surface smoothing apparatus according to
claim 5, further comprising:
a database that allows a dose to be determined from at least
a desired etching amount and the rradiation angle;

wherein the gas cluster 1on beam emission means emits the
gas cluster 1on beam of the dose determined with refer-
ence to the database i accordance with the desired
ctching amount and the irradiation angle specified by the
irradiation angle setting means.
7. A method of smoothing a solid surface with a gas cluster
ion beam comprising;:
an 1rradiation step of directing the gas cluster 1on beam
onto the solid surface at an 1rradiation angle not smaller
than a critical angle, where the iwrradiation angle 1is
between a normal to the solid surface and the gas cluster
10n beam,

wherein

the critical angle 1s an irradiation angle at which a distance
of interaction between the solid and a cluster colliding
with the solid turns to an abrupt increase; and

the 1rradiation step comprises, when a striped uneven pat-

tern with interval within a range of 800 nm to 10 um
inclusive 1s present on the solid surface, a process of
directing the gas cluster 1on beam 1n a direction nearly
parallel to the direction in which the uneven pattern 1s
repeatedly formed.

8. The method of smoothing a solid surface with a gas
cluster 1on beam according to claim 7, wherein the critical
angle 1s 70 degrees.
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